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ABSTRACT
The use of ultraviolet (UV) light and chlorine dioxide (ClO2) as an advanced oxidation process
(AOP) has been investigated at the bench-scale to understand the effects of their use on disinfection
by-product (DBP) formation potential (FP) in chlorinated groundwater (GW) and surface water
(SW) supplies. Two GWs and two SWs of varying qualities were subject to a series of AOP
treatment sequences at the bench scale: sodium hypochlorite, to serve as a baseline; ClO2-Cl2, UVCl2, and UV-ClO2-Cl2. In these treatment sequences, Cl2 is used as a primary and secondary
disinfectant. Several water quality parameters were measured throughout the experiments,
including chlorite (ClO2-) and chlorate (ClO3-) when ClO2 was used for process testing. Total
trihalomethane (TTHM) FP curves were developed for each experiment along with the 7-day
haloacetic acid (HAA) FP. The treatment sequence UV-ClO2 followed by Cl2 addition for GW
supplies was shown to remove between 8 and 35 percent of the TTHM FP as compared to little to
no change in formation potential with UV treatment alone followed by Cl2 addition. The SW
supplies resulted in reductions between 16 and 27 percent for the treatment sequence UV-ClO2
followed by Cl2, approximately double the reduction from ClO2 alone followed by Cl2. GW
treatment using the UV-ClO2 AOP followed by Cl2 was found to increase HAA formation, in one
case by almost 50 percent compared to the baseline HAA concentrations. The research indicated
the reduction of DBP FP AOP effectiveness to reduce DBP formation was highly dependent on
the specific source water type and quality.
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CHAPTER 1: INTRODUCTION
Chlorine, when used for disinfecting water for potabilization purposes, reacts with natural organic
matter (NOM) to form total trihalomethanes (TTHMs) and haloacetic acids (HAAs) that are
regulated by the United States’ Environmental Protection Agency’s (USEPA’s) Safe Drinking
Water Act Stage 2 Disinfectants and Disinfection Byproducts Rule (D/DBPR) because they are
suspected carcinogens. This rule sets the maximum contaminant level (MCL) for TTHMs and
HAAs as a locational running annual average at 80 micrograms per liter (μg/L) and 60 μg/L,
respectively (Boorman et al., 1999; Richardson et al., 2007).
The research reported on herein focuses on the reduction of DBP formation potential by using
different pretreatment sequences that will remove TTHM and HAA natural organic precursor
matter. The sequences evaluated in this research include: UV-ClO2 AOP, ClO2 oxidation alone,
and UV irradiation alone. These pretreatment techniques were implemented prior to addition of
chlorine (bleach) to simulate primary and secondary disinfection. The sequences were tested on
four different waters: a high-alkalinity (146 mg/L as CaCO3) Floridan GW; a moderate-alkalinity
(110 mg/L as CaCO3), bromide-containing Floridan GW; a low-alkalinity (40 mg/L as CaCO3)
Floridan SW; and a volcanic SW with no alkalinity (< 5.0 mg/L as CaCO3). An analysis on the
reduction on the TTHM and HAA5 FP for the four differing source waters, in addition to other byproducts such as chlorite (ClO2-) and chlorate (ClO3-), was performed in this work. It is
acknowledged that this research was limited to four selected source waters such that this thesis be
reviewed with this understanding.
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CHAPTER 2: LITERATURE REVIEW
Disinfection of drinking water for pathogen inactivation is one of the major public health
achievements of the 20th century. In current times, water treatment plant operators maintain a
balance between competing chemical and pathogen risks in water treatment to ensure safe drinking
water. Adequate disinfection is critical to avoid acute microbial risks; however, the addition of
disinfectants also increases the chronic chemical risk attributed to the consumer’s exposure to DBP
formation. There are several physical and chemical treatment methods that can be employed to
accomplish balancing the control of pathogen inactivation with the use of chlorine against the need
to minimize DBP formation as a result of using the disinfectant. The most common method to
inactivate pathogens in drinking water is the use of chlorine (Cl2) with the unintended consequence
of the formation of DBPs.
This research investigates the use of the chemical oxidant chlorine dioxide (ClO2) by itself or
combined with ultraviolet irradiation (UV) as an advanced oxidation process (AOP). For this
reason, this literature section has been prepared to review prior related research to introduce as a
background the use of ClO2 and UV in water treatment.

Chlorine Dioxide
Chlorine dioxide is a synthetic neutral chlorine compound in the +IV oxidation state that is a greenyellowish gas with a chlorine-like, irritating odor that is highly soluble in water (D. Gates, 1998).
The gas is unstable and cannot be stored for extended periods of time else the ClO2 dissociates
into chlorine (Cl2) and oxygen gas (O2), with release of heat so that it is best to store at 4 degrees
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Celcius. In aqueous solution ClO2 breaks down over time into chloride (Cl-), chlorite (ClO2-) and
chlorate (ClO3-). It does not occur naturally in the environment.
ClO2 has been in use since the mid-1900s as a disinfectant in drinking water treatment processes
(Don Gates, Ziglio, & Ozekin, 2009). Chlorine dioxide has application for the removal of taste and
odor compounds, oxidation and removal of iron and manganese, removal of color, and inactivation
of chlorine-resistant microorganisms such as Cryptosporidium. Currently, about five percent of
facilities within the United States (US) treat drinking water with ClO2, whether that be annually
or seasonally, to account for changes in contaminant concentrations throughout the year (Taylor
& Wohlers, 2004).
The concentration (C), time (t), pH and temperature are key parameters in ClO2 used for oxidation
and disinfection. The product of concentration and time (Ct) is one of the more important operation
parameters in disinfection applications. The USEPA uses contact time (Ct) values as a way of
regulating pathogens in finished drinking water under the SDWA. Factors that affect required Ct
values include disinfectant type, disinfectant dose, temperature, and inactivation goals. With ClO2,
which can be almost four times as effective as chlorine in inactivating specific pathogens, Ct values
can range between 1.4 and 1,912 mg-min/L given a specified temperature (The Cadmus Group &
Carollo Engineers, 2010). A summary of the Ct values for ClO2 at varying temperatures is
available in Table 2.1. These regulatory values do not change with varying pH values because
treatment with ClO2 is not sensitive to changes in pH (EPA, 2011).
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Table 2.1 - Required Ct values for the inactivation of microorganisms using ClO2.

Cryptosporidium

Viruses

Giardia lamblia
cysts

Log Inactivation

Temperature (°C)

---

<1

5

10

15

20

25

2.0

42

17

15

13

10

7.3

3.0

63

26

23

19

15

11

4.0

-

-

-

-

-

-

2.0

8.4

5.6

4.2

2.8

2.1

1.4

3.0

27

17

13

8.6

6.4

4.3

4.0

50

33

25

17

13

8.4

2.0

1,300

860

550

360

230

150

3.0

1,900

1,300

830

540

350

230

4.0

-

-

-

-

-

-

Source: Don Gates et al. (2009)

Although ClO2 has proven to be a reliable technology for the inactivation of microorganisms, this
research focuses on its use in a pretreatment AOP for reducing DBP FP by NOM reduction. A
disadvantage of using ClO2 is the need to create it on sight due to its non-compressible, volatile,
and explosive nature, which makes it challenging to ship.

Byproducts of Chlorine Dioxide and Regulations
Unlike the use of chlorine for disinfection, which forms suspected carcinogenic compounds,
including TTHMs and HAA5s, the application of ClO2 to natural water does not directly result in
the formation of regulated DBPs. Significant by-products of interest when treating drinking water
with ClO2 are ClO2- and ClO3-. ClO2- is regulated under the D/DBPR with an MCL of 1.0
4

milligrams per liter (mg/L) and an MCL goal (MCLG) of 0.80 mg/L (Malcolm Pirnie, Carollo
Engineers, The Cadmus Group, Linden, & James P. Malley, 2006). ClO3- is currently unregulated.
These byproducts are of concern because of their potential to cause anemia and their effect on the
nervous systems of children. Equations 2.1 through 2.3 present the chemical formulas for the
formation of these byproducts.
2𝐶𝑙𝑂2 + 2𝑂𝐻− → 𝐶𝑙𝑂2− + 𝐶𝑙𝑂3− + 𝐻2 𝑂

(2.1)

𝐶𝑙𝑂2 + 𝑒 − → 𝐶𝑙𝑂2−

(2.2)

𝐻𝑂𝐶𝑙 + 𝐶𝑙𝑂2− → 𝐶𝑙𝑂3− + 𝐶𝑙 − + 𝐻 +

(2.3)

Another byproduct of significance from ClO2 treatment is the formation of hypobromous acid
(HOBr) in waters that contain naturally occurring bromide (Br). HOBr can react with NOM to
form brominated DBPs. Equations 2.4 through 2.6 present how DBPs are formed from the reaction
between naturally occurring bromide in drinking water sources when treated with ClO 2 (Padhi,
Subramanian, & Satpathy, 2019).
𝐿𝑖𝑔ℎ𝑡

𝐶𝑙𝑂2 + 2𝐵𝑟 − →

𝐵𝑟2 + 𝐻2 𝑂 → 𝐻𝑂𝐵𝑟

(2.4)

𝐶𝑙𝑂− + 𝐵𝑟 − + 𝐻2 𝑂 → 𝐻𝑂𝐵𝑟

(2.5)

𝐻𝑂𝐵𝑟 + 𝑁𝑂𝑀 → 𝑇𝐻𝑀𝑠 𝑎𝑛𝑑 𝐻𝐴𝐴𝑠

(2.6)

The presence of bromide in water will also react with ClO2 to form bromate when it interacts with
sunlight, an unusual circumstance (Gordon, Emmert, & Bubnis, 1995). Bromate is regulated at an
MCL of 0.01 mg/L under the SDWA (Malcolm Pirnie et al., 2006). Full-scale studies have shown
that the formation of bromate occurs when treating water with a combination of ClO2 and a
secondary disinfectant such as chloramines or chlorine, or chlorination alone, but not when ClO 2
is both the primary and secondary disinfectant (Richardson et al., 2003).
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An Introduction to Ultraviolet Irradiation
The first application of ultraviolet (UV) light as a disinfectant was in 1910 in Marseilles, France,
but it was not until 1955, where it was a reliable source of disinfection (Malcom Pirnie, Carollo
Engineers, The Cadmus Group, Linden, & James P. Malley, 2003). Its popularity has increased in
the last twenty years due to its ability to inactivate cryptosporidium much more efficiently than
chlorination. Some critical water quality parameters to consider when dosing waters with UV light
are its ultraviolet absorbance (UV254), temperature, turbidity, and pH. While temperature and pH
effects on microorganism inactivation within the range usually encountered in drinking water
treatment are negligible, they are of concern because of their tendency to affect the alkalinity of
the water and the charge of organics which can in turn affect the absorbance efficiency. UV254
values can inform on the potential effectiveness of UV irradiation on inactivation of organisms
and can be used to calculate the required applied dose (Malcolm Pirnie et al., 2006). Table 2.2
summarizes the advantages and disadvantages of UV irradiation as a treatment alternative for
drinking water.
Table 2.2 - Advantages and disadvantages of UV treatment
• Can be used for removal of trace organics, such as NDMA, which cannot be
removed with other processes such as reverse osmosis (RO).
• New research being conducted on light-emitting diodes (LEDs) as a UV
Advantages
source; this would make the process the “future of energy-efficient
treatment”.
• No direct byproducts.
• Lack of residual for secondary disinfection.
Disadvantages • Reactions of hydroxyl radicals with other chemicals added as residual
disinfectants produce unwanted byproducts.
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UV Dose and Irradiance
Typical doses of UV irradiation depend on the purpose of design, whether that be for disinfection
or an advanced oxidation process (AOP). It is also dependent on site-specific water quality
parameters, such as the UV254. The USEPA defines UV transmittance (UVT) as “the percentage
of light passing through a water sample over a specified distance and is related to the UV
absorbance of that sample” (Malcom Pirnie et al., 2003). A larger UVT value can result in a UV
dose lower than expected. The relation between UV254 and UVT is presented in Equation 2.7.

% 𝑈𝑉𝑇 = 100 ∗ 10−𝑈𝑉254

(2.7)

The applied dose is calculated based on the UV lamp specifications and wattage. UV lamps are
most commonly made of quartz and are mercury vapor-based (AWWA & Edzwald, 2010). The
most popular are low and medium intensity mercury (Hg) lamps, known as LPUV and MPUV,
respectively (Sharpless & Linden, 2001).

UV Irradiation for Disinfection
Unlike chlorination, chloramination, and ClO2 disinfection, UV irradiation is an effective physical
disinfectant. Exposure to UV light, specifically between the wavelengths of 200 to 300 nanometers
(nm), causes changes in the makeup of nucleic acids within microorganisms, which prevents them
from replicating, unlike chemicals, which destroy the cell structure (Jagger, 1967).. In some cases,
the damage to the microorganisms is not permanent, and they can reactivate within the distribution
system when exposed to energy wavelengths within the visible spectrum (Scheible & Bassell,
1981). UV doses must be higher than the standard range for disinfection, between 20 and 120
mJ/cm2, in order to destroy the organisms, like with chemical disinfection (Malcolm Pirnie et al.,
7

2006). These levels must be orders of magnitude higher for the full destruction of organisms,
which is comparable to those needed for the mineralization of NOM used in advanced oxidation
processes (AOPs) involving UV irradiation.

Chemical Oxidation
Similar to disinfection, oxidation processes can be characterized into two groups: conventional
and advanced oxidation. Conventional oxidation involves the direct reaction between the oxidant,
such as ClO2, and the target contaminants. The goal of conventional oxidation is to reduce
contaminants, such as iron and manganese, into their oxidized forms, which then precipitate out
and are removed through conventional processes such as sedimentation and filtration (Howe,
Hand, Crittenden, Trussell, & Tchobanoglous, 2012). Other uses include the removal of color and
hydrogen sulfide as well as for taste and odor control. The oxidation of NOM using ClO 2 is a
viable option in controlling the formation of TTHMs and HAAs.
While conventional oxidation is useful in removing contaminants, the rate of these reactions can
be impractical. AOPs, such as the UV-ClO2 process presented in this research, are more reactive
and quicker than the conventional methods and, in certain situations, can destroy contaminants
completely, even those that are non-volatile (Howe et al., 2012).

Advanced Oxidation using Ultraviolet Light
An AOP produces highly reactive hydroxyl radicals that destroy organic contaminants. These
contaminants may have otherwise not been degraded by biological processes or would have been
inefficiently removed by conventional chemical oxidation. Of the AOPs currently available,
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several implement UV light, including the UV-hydrogen peroxide (UV-H2O2), UV-titanium
dioxide (UV-TiO2), and UV-ozone (UV-O3) processes. The use of UV light and chlorine is another
AOP that has, in some cases, shown effective removal of DBP precursor material, depending on
the process order of treatment. Typical UV doses for an AOP are between 400 and 1,800 mJ/cm2
(McLellan, Bell, & Holmer, 2018). Figure 2.1 illustrates the general breakdown of NOM in an
AOP; this occurs when sufficient time is allowed for the complete oxidation of the NOM. The use
of UV irradiation alone has been shown to mineralize NOM to 90 percent of its initial
concentration in some cases (Ratpukdi, Siripattanakul, & Khan, 2010). While several studies have
investigated the effect of the UV-Cl2 AOP on DBP FP, less research has been implemented on the
effectiveness of a UV-ClO2 pretreatment process in reducing DBP FPs when free chlorine (Cl2) is
used as the primary and secondary disinfectant.

NOM

Carboxylic
Acids

Aldehydes

CO2 and
Minerals

Figure 2.1 - Mineralization of NOM.
Scavenger Compounds
Scavenger compounds are those unwanted compounds that deplete the available hydroxyl radicals
produced in a given AOP for the oxidation of target contaminants. These compounds may change
depending on the AOP at hand. Examples of scavenger compounds include alkalinity, NOM,
nitrites, sulfites, iron, H2O2, and others (Benitez, Beltran-Heredia, Acero, & Rubio, 1999; Don
Gates et al., 1999). Pretreatment techniques such as pH adjustment and aeration can be of use in
removing alkalinity in water prior to UV implementation. For the research presented within this
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report, NOM is not considered a scavenger compound; instead, it is the compound being oxidized
in order to reduce its reaction with chlorine and decrease the formation potential of DBPs.

Byproducts
While there are no direct byproducts of UV irradiation or its use in AOPs, byproducts will form
when chlorine-type chemicals are added post-UV treatment. The byproducts of AOPs include
DBPs that specifically contain nitrogen or bromide, THMs, and HAAs, ClO 3-, adsorbable organic
halides (AOX), among others (McLellan et al., 2018).

Specific Ultraviolet Absorbance
An important factor in predicting a raw water’s potential for forming unwanted DBPs is the
presence of dissolved organic matter (DOM). However, this can be further characterized by the
specific ultraviolet absorbance (SUVA), which correlates to the aromatic and hydrophobic
properties of carbon present (EPA, 2012). Low and high values of SUVA correspond to more
hydrophilic or more hydrophobic compounds, respectively (EPA, 2012). For example, values of
SUVA less than two reflect a low absorbance but also a low TTHM FP; alternately, a value higher
than four reflects a high absorbance and a higher TTHM FP. SUVA values may be reduced by up
to fifty percent of its initial value when UV irradiation is applied (Ratpukdi et al., 2010). Equation
2.8 is used to calculate SUVA from the UV254 value, in cm-1, and the dissolved organic content
(DOC), in mg/L, of a water.

𝑆𝑈𝑉𝐴 =

𝑈𝑉254
∗ 100
𝐷𝑂𝐶
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(2.8)

Drinking Water Chemical Disinfection
Since the mid-1800s, when John Snow discovered that the cholera outbreak of 1854 in London,
England could be attributed to the community’s drinking water supply, the disinfection of drinking
water has been of utmost importance in reducing disease world-wide. Disinfection is classified
into two categories: primary and secondary disinfection. Primary disinfection consists of the
inactivation of pathogens to prevent disease outbreaks and secondary disinfection refers to the
regulatory requirement to maintain disinfectant residual throughout the distribution system, which
reduces the risk of biofilm formation in pipes and to protect against additional contaminants that
may enter the distribution system by other means. Common disinfectants include chlorine,
chloramines, ClO2 and UV irradiation.

Chlorination
Chlorine is used worldwide and remains one of the most popular disinfectants relied upon for
drinking water treatment. Common forms include chlorine gas, sodium hypochlorite, and calcium
hypochlorite. The use of chlorine for drinking water disinfection began in Great Britain when Dr.
John Snow used the chemical in an attempt to disinfect the Broad Street Pump water supply in
London, which he had identified as a cause of a cholera outbreak due to sewage contamination
(McGuire and Zeilig 2013). Chlorination for water treatment later expanded to the United States
in 1908 and Canada by 1917. The use of Cl2 came to be more prevalent after World War II when
chloramination became difficult due to an ammonia shortage, as well as the realization that Cl 2
was a superior disinfectant (AWWA & Edzwald, 2010).
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Chlorine has the benefit of leaving a residual concentration in distribution systems. Since chlorine
gas has been recognized as a safety hazard, and is heavily regulated, many facilities have switched
or are considering switching to safer disinfection alternatives, and federal actions are encouraging
this conversion. The most common choice for those converting away from chlorine gas is sodium
hypochlorite, which is available delivered in bulk at a free available chlorine (FAC) concentration
ranging from 10 to 15 percent. Sodium and calcium hypochlorite are much easier to transport while
still containing one or two moles of hypochlorite per mole of the chemical, respectively (AWWA
& Edzwald, 2010). Equation 2.9 demonstrates that 1 mole of hypochlorite is equivalent to 1 mole
of chlorine. Ct values for necessary 4-log inactivation of viruses ranges between 2 and 12 mgmin/L for a temperature of 25 and 0.5 degrees Celsius (℃), respectively, considering a pH range
typically found in drinking water treatment (Guidance for Determining Free Chlorine Contact
Time to Establish 4-Log Inactivation of Viruses, 2009). A concern with the use of hypochlorite is
its tendency to contain contaminants such as perchlorate, chlorate, and bromate, which increase
with time (Stanford, 2015).
𝑂𝐶𝑙 − + 2𝑒 − + 2𝐻 + = 𝐶𝑙 − + 𝐻2 𝑂

(2.9)

Byproducts of Chlorination and Regulations
DBPs, such as TTHMs and HAA5, form when NOM in the source water reacts with chlorine.
Factors affecting DBP formation include disinfectant dose, contact time, water age, temperature,
pH, bromide content, pipe material, and the presence of biofilm in the distribution system.
(Baribeau et al., 2006). Presented in Table 2.3 are the MCLs for each of these DBPs, along with
the maximum disinfectant level (MDL) for chlorine. There are several ways to control DBP
12

concentrations in finished drinking water, these include both before disinfection, by removing
NOM, and post disinfection by removing the compounds after formation. Figure 2.2 illustrates
several treatment techniques used in reducing DBP concentrations, including granular activated
carbon (GAC). This research focuses on pretreatment using chemical oxidation (ClO 2) and
advanced oxidation using a combination of UV irradiation and ClO2 prior to primary and
secondary disinfection with chlorine.
Table 2.3 - Maximum levels of D/DBP associated with chlorination, as set by the USEPA.
Chemical Species
•
•
•
•
•
•
•
•
•

HAA5

TTHMs

Bromoacetic Acid
Chloroacetic Acid
Dibromoacetic Acid
Dichloroacetic Acid
Trichloroacetic Acid
Chloroform
Bromodichloromethane
Dibromochloromethane
Bromoform

Chlorine (as Cl2)

MCL (μg/L)

MDL (mg/L)

80

-

60

-

-

4.0

DBP
Reduction

PreChlorination

PreOxidation

Advanced
Oxidation

PostChlorination
GAC for
removal of
NOM

Aeration for
removal of
TTHMs

Figure 2.2 - Treatments available for DBP reduction.
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GAC for
removal of
HAA5

CHAPTER 3: BACKGROUND
Several utilities across the nation struggle with compliance of the Safe Drinking Water Act’s
(SDWA) disinfectant/disinfection byproduct rule (D/DBPR) for maximum contaminant limits
(MCLs) of total trihalomethanes (TTHMs) and the five regulated haloacetic acids (HAA5). The
goal of this research is to study the effect of pretreatment with the ultraviolet (UV) irradiation and
ClO2 advanced oxidation process (AOP) in reducing the formation of regulated DBPs. The focus
of this work presented herein is on four different waters; three of which currently act as a drinking
water supply for utilities. Two of these sources are GWs, and two of them are SWs, chosen due to
the variance in water quality characteristics to obtain a well-rounded sample group. Figure 3.1
summarizes the fundamental differences between water sources.

Surface Waters

Low-Moderate
Alkalinity
Florida Water

Ground Waters

Minimal
Alkalinity,
Volcanic Water

High Alkalinity,
bromide
present

High Alkalinity,
bromide not
present

Figure 3.1 - Categorization of each water source.
Surface Waters
Lake Claire is located within the University of Central Florida’s (UCF) Main Campus in Orlando,
Florida. This lake is not a drinking water source; it is currently only used as a recreational lake.
However, it is included in this research as a contrast to the other sampled locations and as an
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additional SW examined. Lake Claire is a low-to-moderate alkalinity, approximately 40 mg/L as
calcium carbonate (CaCO3), water body in Florida. Lake Claire has a high organic content of over
12 mg/L NPDOC and a calcium and magnesium hardness around 40 mg/L as CaCO3.
In contrast, the second SW source is located within the Waikamoi Rainforest on the island of Maui,
Hawaii. This source contains no alkalinity (less than 5 mg/L as CaCO3) and consists primarily of
organic acids making it susceptible to the formation of DBPs after chlorination. The Olinda WTP
treats water originating from the highest reaches (above 4,000 feet) of the Waikamoi rainforest in
the East Maui watershed. The source water is collected by an overland flow capture method
consisting of a1.1-mile-long flume that conveys water to a dam-reservoir system for storage prior
to transport to the Olinda plant site. The Olinda WTP operates as a coagulation, flocculation,
sedimentation and UF surface water plant. A process schematic of the Olinda WTP is presented in
Figure 3.2. The Olinda WTP produces finished water with low alkalinity, turbidity, solids,
hardness (calcium and magnesium), and an average TOC of 2.3 mg/L.

Figure 3.2 - Olinda WTP process treatment diagram.
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Groundwater Sources
The two GW sources are currently drinking water sources for two communities within Central
Florida. These utilities were chosen based on proximity, working relationships, and a key
difference; the presence of bromide in the raw water for one of the sources.

University of Central Florida Water Treatment Plant
UCF owns and runs its water treatment plant (WTP), which provides water to over 67,000 students,
faculty, and staff. The utility pumps water from four surficial wells, adjacent to the plant itself.
This GW is high in alkalinity (over 140 mg/L as CaCO3), hardness (146 mg/L as CaCO3), and
silica (11 mg/L). UCF treats this water by stripping hydrogen sulfide (H2S) present, using a
combination of tray and spray aeration before disinfecting with sodium hypochlorite. The plant
also recirculates the water through the tank to reduce TTHM concentrations through aeration.
Although UCF does not exceed MCLs of regulated DBPs, it is currently undergoing studies to
reduce DBP formations in the system. Figure 3.3 illustrates the plant’s current treatment process.
Wells

H2S Removal

Chlorine

Distribution

Figure 3.3 - UCF WTP treatment process.
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City of Oviedo
The City of Oviedo treats up to 4.0 million gallons per day (MGD) of GW to provide drinking
water to over 30,000 residents. The City has nine artesian wells that contain moderate to high
levels of alkalinity (112 mg/L as CaCO3), hardness (124 mg/L as CaCO3), and silica (11 mg/L).
However, unlike the UCF wells, the wells that feed the Mitchell Hammock Water Treatment
Facility (MHWTF) contain bromide (0.05 – 0.40 mg/L). The presence of bromide is critical to
note because it is a precursor to brominated DBPs. This fundamental difference brings another set
of complexity to this research. Now, it is not only essential to distinguish the effect of pretreatment
with UV irradiation and ClO2 on DBP FP but to further analyze its effect specifically on
brominated DBPs.
The MHWTF initially adds carbon dioxide (CO2) to its raw water to lower the pH to a level
between 5 and 6, before forced draft aeration to make the removal of H2S more efficient as well
as lowering the alkalinity of the water. After aeration, sodium hypochlorite is added as a primary
disinfectant followed by ammonium hydroxide for the formation of chloramines as a secondary
disinfectant. The WTF also adds caustic for pH adjustment before distribution. This treatment
process is illustrated in Figure 3.4.
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CO2 Addition

Chlorine

Ammonia

Wells

Figure 3.4 - MHWTF treatment process.
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CHAPTER 4: METHODS AND MATERIALS
This chapter includes a summary of the experimental plan and the methods used for water quality
analyses. It also provides the methods for source water UV irradiation, sodium hypochlorite and
ClO2 dosing, and TTHM formation potential procedures.

Water Quality Analyses
Most of the water quality analyses were performed in the UCF laboratories are per Standard
Methods (SM) using the equipment outlined in Table 4.2 (Baird, Eaton, & Rice, 2017). A list of
the chemicals used is summarized in Table 4.1.
Table 4.1 - Chemicals and reagents used during analyses and experimental methods.
Chemical/Reagent

Purpose

Ammonia Chloride

HAA5 preservation

DPD Free Chlorine Reagent

Powder pillows for measuring free chlorine residuals

Ethylenediamine (EDA)

Preservative for chlorite and chlorate IC samples

Hexane

TTHM analysis

Nitric Acid

ICP Preservation

Organic carbon stock solution

NPDOC analysis

pH buffer solutions

Calibration of pH probe

Phosphoric acid

NPDOC preservation

Sodium hypochlorite

Disinfection

Sodium Sulfite

TTHM preservation

Sulfuric acid

Alkalinity

TTHM Calibration Mixture
TwinOxide chlorine dioxide solution
(Component A and B powders)

TTHM analysis
ClO2 solution for dosing. Forms 3000 ppm ClO2
solution
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Table 4.2 - Methods, materials, and equipment used for water quality analyses and DBP formation potentials
Test

Method

Equipment Description

Method
Detection Level

Preservation
Technique

Holding
Time

pH

SM: 4500-H+ B. Electrometric
Method

HACH HQ40D pH and
Temperature Probe

0.01 pH units

N/A

Analyze
immediately

Temperature

SM: 2550 B. Laboratory and
Field Methods

HACH HQ40D pH and
Temperature Probe

0.1 °C

N/A

Analyze
immediately

Turbidity

SM: 2130 B. Nephelometric
Method

HACH 2100N Laboratory
Turbidity Meter

0.01 NTU

N/A

Analyze
immediately

Alkalinity

Standard Methods (SM): 2320
B. Titration Method

Sulfuric Acid Burette Titration

5 mg/L as CaCO3

Refrigerate at 4°C

14 days

Calcium

SM: 3120 B. Inductively
Coupled Plasma (ICP) Method

ICP Spectrometer - Perkin
Elmer Avio 200

0.01 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

Chloride

SM: 4110 B. Ion
Chromatography (IC); SM:
4500 B. Argentometric Method

IC - Dionex ICS-1100 with
AS40 Automated Sampler

0.004 mg/L

Refrigerate at 4°C

28 days

Chlorite

SM: 4110 B. Ion
Chromatography (IC); SM:
4500 B. Argentometric Method

IC - Dionex ICS-1100 with
AS40 Automated Sampler

0.2 mg/L

Preservation with
EDA, refrigerate at
4°C

14 days

Chlorate

SM: 4110 B. Ion
Chromatography (IC); SM:
4500 B. Argentometric Method

IC - Dionex ICS-1100 with
AS40 Automated Sampler

0.2 mg/L

Preservation with
EDA, refrigerate at
4°C

14 days

Chlorine
(Free)

Hach Method 8021

HACH Spectrophotometer
DR5000

0.02 mg/L as Cl2

N/A

Analyze
immediately
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Test

Method

Equipment Description

Method
Detection Level

Preservation
Technique

Holding
Time

Iron

SM: 3120 B. ICP Method

ICP Spectrometer - Perkin
Elmer Avio 200

0.005 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

Magnesium

SM: 3120 B. ICP Method

ICP Spectrometer - Perkin
Elmer Avio 200

0.03 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

Manganese

SM: 3120 B. ICP Method

ICP Spectrometer - Perkin
Elmer Avio 200

0.005 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

NPDOC

SM: 5130 C. PersulfateUltraviolet or Heated-Persulfate
Oxidation Method

Teledyne Tekmar Total Organic
Carbon Fusion UV/Persulfate
Analyzer

0.01 mg/L

2% phosphoric acid,
refrigerate at 4°C

28 days

Silica

SM: 3120 B. ICP Method

ICP Spectrometer - Perkin
Elmer Avio 200

0.02 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

Sodium

SM: 3120 B. ICP Method

ICP Spectrometer - Perkin
Elmer Avio 200

0.03 mg/L

2% nitric acid,
refrigerate at 4°C

6 months

Sulfate

SM: 4110 B. IC

IC - Dionex ICS-1100 with
AS40 Automated Sampler

0.018 mg/L

Refrigerate at 4°C

28 days

UV254

SM: 5910 B. Ultraviolet
Absorption Method

HACH DR 5000
Spectrophotometer

0.01 cm-1

N/A

48 hours

TTHM

SM: 6232 B. Liquid- Liquid
Extraction Gas
Chromatographic Method

Agilent 6890N Network Gas
Chromatograph

0.7 – 5.0 µg/L

Sodium sulfite,
refrigerated at 4 ℃

14 days

HAA5

Advanced Environmental
Laboratories, Inc.
EPA Method 552.2

Agilent 6890N Network Gas
Chromatograph

3 µg/L

Ammonium
chloride,
refrigerated at 4 ℃

14 days
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Experimental Plan and Setup
Raw water from the UCF WTP, Lake Claire, and the MHWTF was collected in bulk and
transported back to the UCF laboratories within the hour for water quality analyses. The raw water
taken from the Maui collection system was also collected in bulk and shipped to the UCF
laboratories using 2-day shipping. This water was kept in a cooler with ice packs to keep the bulk
samples cool during shipment. The bulk samples, once back at the UCF laboratories, were stored
at 0 °C.

Phase I
Initially, the bulk water samples were dosed with three or more different chlorine doses to find the
oxidant demand. Upon dosing with chlorine the aqueous solutions were magnetically stirred for
30 seconds before bottling 60-milliliter (mL) amber bottles for 2, 24, 48, 96, and 168-hour Cl2
residual measurements. The goal was to detect a final chlorine residual between 0.2 and 2.0 mg/L
after a seven-day period, during which time the samples were incubated at 30 ℃. Due to the
presence of H2S in the GWs, the samples from the UCF WTP and the MHWTF were aerated
overnight the day before their corresponding doses to remove H2S from the water and get a more
representative chlorine demand. Once the required chlorine dose was obtained, the following five
experiments were carried out for each water source.
1. Baseline Dose – bulk water was dosed with sodium hypochlorite solution as per
corresponding chlorine demands.
2. Low ClO2 Dose – bulk water was dosed with 1.4 mg/L ClO2 in two 1,050-mL amber-glass
bottles, held under no-light conditions for 10 minutes (chosen based on using ClO2 as part
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of the process time of a typical water treatment facility) and then dosed with the
corresponding sodium hypochlorite dose. An example of the chlorine dioxide dosing setup is presented in Figure 4.1.
3. High ClO2 Dose – bulk water was dosed with a chlorine dioxide dose that was proportional
to the chlorine demand obtained (a factor of 1 ClO2: 4 Cl2) before its corresponding sodium
hypochlorite dose. The same procedure as Experiment 2 was followed.
4. UV Irradiation + Low ClO2 Dose – bulk water was exposed to 660 mJ/cm2 of UV
irradiation before following the same dosing technique as Experiment 2.
5. UV Irradiation + High ClO2 Dose – bulk water was exposed to 660 mJ/cm2 of UV
irradiation before following the same dosing technique as Experiment 3.

Figure 4.1 - Chlorine dioxide dosing set-up.
After each experiment, twelve 60-milliliter (mL) amber-bottles, and at least three 40-mL bottles
were filled for incubation (more bottles were used for duplicate samples) at 30 °C for a period of
2, 24, 48, 96, and 168 hours, at which time they were read for chlorine and quenched for TTHM
and HAA5 analyses at the corresponding timestamp. Figure 4.2 provides a detailed outline of the
generalized procedure for each of the experiments. Figure 4.3 illustrates the incubation and bottles
set up for one set of experiments.
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Experimental Procedure

Dose
ClO2
Dose Cl2

IC Sample
Prep

• Mea sur e out 2, 100 m L for Cl O 2 dose
• St i r i n a m ber bot t l es for 30 sec & h ol d i n ca bi n et for 10
m i n ut es.
• Rea d Cl O 2
• Bot t l e 125 m L for WQ
• Bot t l e 125 m L for IC & spa r ge wi t h N 2 for 10 t o 40 m i n
• Rea d pH, t em per a t ur e, a n d t ur bi di t y
• Mea sur e out 1, 600 m L for Cl 2 dose

• Dose a n d st i r for 30 secon ds
• Rea d Cl 2
• Bot t l e Cl 2 / T HM/ HAA sa m pl es
• Quen ch 0 h our sa m pl es
• Bot t l e 250 m L for WQ
• Bot t l e 125 m L for IC & spa r ge wi t h N 2 for 10 t o 40 m i n
• Rea d pH, t em per a t ur e, a n d t ur bi di t y

• Gr a b 125 m L IC bot t l es
• At t a ch t ubi n g t o n i t r ogen ga s t a n k
• Pl a ce t ubi n g i n bot t l e
• Open ga s for 10 t o 40 m i n ut es
• Pour sa m pl e i n t o vol um et r i c fl a sk a n d pr eser ve wi t h
E DA
• Pour sa m pl e i n t o IC vi a l s

Figure 4.2 - Generalized procedure for Phase I and II Experiments.
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Figure 4.3 - Incubator with TTHM bottles and examples of the types of
sample bottles used in the experiments.
For experiments in which ClO2 was used, ion chromatography (IC) samples were collected after
each dose of ClO2 and after each dose of sodium hypochlorite. The ClO2- and ClO3- samples were
sparged with high-purity nitrogen gas for 10 to 40 minutes to remove any existing ClO2 prior to
sample preparations, as per Standard Methods, Figure 4.4. The samples were preserved with 50
mg/L ethylenediamine (EDA) and analyzed within a week of preservation. Chloride
concentrations were measured in a separate IC run, within two weeks of sample preparation.
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Figure 4.4 - Sparging station setup.
Phase II
A final experiment was performed using a separate bulk collection from the highest performing
GW source in order to test the effect of changing the UV irradiation dose. These doses included:
600 mJ/cm2, 800 mJ/cm2, and 1,000 mJ/cm2. Typical AOP UV irradiation doses vary between 400
and 1,800 mJ/cm2 (Collins & Bolton, 2016). The ClO2 dose applied to the chosen UV doses was
maintained at 1.4 mg/L since this is the maximum dose in which the use of ClO2 is considered
practical before forming excessive amounts of ClO2- and ClO3- (Don Gates et al., 1999). Similar
experimental procedures were conducted for this test similar to those performed in Phase I,
Experiments 1 (Baseline), 2 (1.4 mg/L ClO2), and 4 (UV irradiation and 1.4 mg/L ClO2). An
additional dose was completed, which consisted of UV-sodium hypochlorite, used as a
comparison, at a UV dose of 1,000 mJ/cm2. Sample preparations for chlorine readings, DBPs, and
IC were conducted in a similar manner to those performed in Phase I.
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UV Pilot
Ultraviolet irradiation was performed using the Vitapur® Ultraviolet (UV) Water Treatment
System built into a network of pipes and water tank pilot, as pictured in Figure 4.5. This lamp has
an exposure of 30 mJ/cm2 at 7 gallons per minute (gpm). The pump in the system was run at 2
gpm; assuming the exposure and flow are directly proportional, this gives an exposure of 111
mJ/cm2. For Phase I the tank was filled with 2 gallons of each bulk sample. It was calculated that
to achieve the minimum 500 mJ/cm2 dose for advanced oxidation at this flow rate, volume, and
exposure rate, the necessary passes through the pilot would have to be greater than 4.5 which is
also equal to 4.5 minutes.

Figure 4.5 - UV bench-scale setup.
For Phase I of experiments, the UV pilot was run for 6 minutes, which is an approximate exposure
of just over 660 mJ/cm2. Since Phase II of experiments consists of varying doses of UV irradiation,
the amount of time the UV pilot was run, varies accordingly, as presented in Table 4.3.
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Table 4.3 - UV runtime calculations for Phase II experiments.
UV Dose
Additional UV
Volume*
(mJ/cm2)
Dose (mJ/cm2)
(L)
600
600
10
800
200
7.5
1,000
200
5.0
*Volume subtracted each dose is 2,500 mL

Total Passes
Necessary
5.4
1.8
1.8

Additional Time
(minutes) @ 2 gpm
7.1
1.8
1.2

Organic & DBP Analyses
Organics analysis included the use of the Teledyne Tekmar Fusion TOC Analyzer (Mason, Ohio)
for non-purgeable dissolved organic content (NPDOC). An image of the equipment is presented
in Figure 4.6. The minimum detection limit is 0.25 mg/L for NPDOC. Natural organic matter plays
a key role in the formation of DBPs.

Figure 4.6 - Teledyne Tekmar Fusion TOC Analyzer.
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TTHMs were analyzed in-house using the Agilent 6890N Network Gas Chromatograph (GC)
(Santa Clara, California) and a micro-electron capture detector. TTHM samples were collected
immediately after dosing water with sodium hypochlorite and were stored air-tight at 30 ℃ for a
period of 0, 24, 48, 96, or 168 hours. After incubation, samples were quenched with sodium sulfite
and stored at 4 ℃ until extraction. The SW samples were diluted per a 1:9 ratio of sample to
Thermo Scientific NERL High Purity Water (Waltham, Massachusetts) . The minimum detection
limits for the four TTHMs are summarized in Table 4.4. An image of the GC is presented in Figure
4.7.
Table 4.4 - Minimum detection limits of the THM species
THM Species

MDL (μg/L)

Chloroform
Bromodichloromethane
Dibromochloromethane
Bromoform

5.0
0.7
0.7
1.0

Figure 4.7 - Agilent 6890N Network Gas Chromatograph.
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HAA5 samples were sent to Advanced Environmental Laboratories, Inc. (AEL) located in
Altamonte Springs, Florida. Samples were incubated in air-tight conditions at 30 ℃ and quenched
with ammonium chloride after 168 hours. Samples were preserved at 4 ℃ before transport to AEL.
The holding time for HAA5 samples, similar to TTHM samples, is 14 days.

Quality Control
Quality assurance and control were facilitated based on Standard Methods (Baird et al., 2017).
Samples were duplicated and replicated in at least every ten samples. Specifically, the chlorine
samples were duplicated and replicated every six samples. The TTHM samples were duplicated
and replicated every five samples in order to confirm accuracy and precision in the technique and
instrumental analyses. Spiked samples were also measured every five samples for TTHM analysis,
and every ten samples for IC analysis. Equation 4.1 through Equation 4.5 were used to calculate
the accuracy and precision of analyses.

|𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑎𝑙𝑢𝑒 − 𝑑𝑢𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑣𝑎𝑙𝑢𝑒|
∗ 100
𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑎𝑙𝑢𝑒 + 𝑑𝑢𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑣𝑎𝑙𝑢𝑒
2
𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
∗ 100
𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑎𝑑𝑑𝑒𝑑

𝑅𝑃𝐷 =

(4.1)

(4.2)

𝑅̅ = 𝑑2 𝑠

(4.3)

𝐶𝐿 = 𝑅̅ ± 3𝑠(𝑅) = 𝐷4 𝑅̅

(4.4)

2
𝑊𝐿 = 𝑅̅ ± 2𝑠(𝑅) = 𝑅̅ + (𝐷4 𝑅̅ − 𝑅̅)
3

(4.5)
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CHAPTER 5: RESULTS AND DISCUSSION
This chapter consists of the results of bench-scale experiments for pretreatment with UV
irradiation in conjunction with ClO2 as an AOP prior to chlorination with sodium hypochlorite for
two GWs and two SWs. The process viability will be discussed regarding past studies performed
using similar processes. Water quality analyses and a comparison of the DBP FP of the different
pretreatment methods are summarized herein. In most of these experiments, there was no
traditional removal of NOM through coagulation/flocculation/sedimentation, accounting for the
high DBP FP, specifically in the SWs.

Raw Water Quality
The bulk raw water from Maui was collected on October 6th, 2019. The rest of the bulk raw water
samples were collected on January 6th, 2020. Table 5.1 summarizes the basic water quality
parameters for each raw water source. Note that post-aeration, the turbidity of the raw GW is 17.9,
and for the University of Central Florida’s (UCF’s) Water Treatment Plant (WTP) and 4.1 NTU
for the Mitchell Hammock Water Treatment Facility (MHWTF). This increased turbidity can be
attributed to the formation of elemental sulfur post-aeration from the H2S present in these surficial
Floridan GWs (Duranceau, Trupiano, Lowenstine, Whidden, & Hopp, 2010).
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Table 5.1 – Water quality parameters of each raw water source.
Water Source

SWs

GWs

pH

Temperature

Turbidity

UV-254

Alkalinity

(℃)

(NTU)

(cm-1)

(mg/L as CaCO3)

Lake Claire

7.47

23.0

1.02

0.437

37.0

Maui

5.11

24.4

1.09

0.451

< 5.00

MHWTF

7.80

23.0

1.11

0.051

112

UCF WTP

8.46

24.9

0.21

0.073

146

Figure 5.1 illustrates the non-purgeable dissolved organic content (NPDOC) of each raw water.
This data is necessary for understanding the DBP FP of each water, considering higher NOM will
lead to a higher formation potential. The specific ultraviolet absorbance (SUVA) for each of these
waters has been calculated and are summarized in Figure 5.2. In typical drinking water treatment
processes, SUVA values should not exceed 2.0 L/mg-m before disinfection (EPA, 2012).
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NPDOC, mg/L
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Maui
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UCF WTP

Figure 5.1 - Raw water NPDOC for waters sampled.
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Figure 5.2 - Raw water SUVA values for waters sampled.
Alkalinity, as discussed previously, in Chapter II, is considered a scavenger compound for UV
irradiation. The presence of alkalinity can decrease the efficiency of a UV dosage; for this reason,
the expected results for the UCF WTP and the MHWTF are minimal reduction in DBP FP due to
alkalinity levels above 110 mg/L as CaCO3. Another parameter of concern is the turbidity of these
waters, as an increase in particle formation can cause blockage of the UV light passage and
decrease the efficiency of UV light to penetrate the water column.

Metals Analysis
The metals content of treated waters is of importance in not only the efficiency of treatment but
the life of materials, specifically UV lamps, which can be damaged from the presence of certain
metals such as silica and the precipitation of calcium and magnesium. The metals content for the
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raw water samples are summarized in Table 5.2. Note that iron can act as a scavenger in UV
treatment and hence decrease the dosage efficiency. At levels greater than 0.1 mg/L of iron, scaling
can be a problem in a full scale continuously run facilities (Don Gates et al., 1999). Total hardness
for these waters ranges between 0.66 and 150 mg/L as calcium carbonate (CaCO3); levels over
140 mg/L as CaCO3 are of concern for scaling potential during continuous UV treatment (Don
Gates et al., 1999).
Table 5.2 - Results of ICP analyses of raw water samples.

Calcium (mg/L)

Lake
Claire
15

36

UCF
WTP*
47

White
Pipeline
< 0.10

Iron (mg/L)

0.20

1.7

< 0.050

0.38

Magnesium (mg/L)

1.6

8.4

7.0

< 0.10

Manganese (mg/L)

< 0.0050

< 0.0050

< 0.0050

0.010

Silica (mg/L)

0.99

11

11

2.1

Sodium (mg/L)

17

13

5.3

< 0.10

MHWTF

*Analysis of the UCF WTP raw water was conducted during a
previous study.
Ion Chromatography Results
Ion chromatography (IC) results of the raw waters are presented in Table 5.3. Water from the
MHWTF was the only bromide-containing sample evaluated in this study; this will affect the
results of the brominated DBP FP. Also, the naturally-present chloride in the raw waters may react
with impurities in the ClO2 solution, or with the ClO2 itself, to form higher percentages of DBPs
such as ClO2- and ClO3-, and/or reform ClO2 (Nicoson & Margerum, 2002).
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Table 5.3 - Results of IC analyses on raw water samples.
Lake Claire

MHWTF

UCF WTP

White Pipeline

Bromide (mg/L)

< 0.200

0.316

< 0.200

< 0.200

Chloride (mg/L)

22.0

57.5

9.24

3.94

Sulfate (mg/L)

8.78

9.68

22.3

1.33

Chlorine Demand
Before finding the DBP FP of each water, the chlorine demand was determined, which is presented
in Table 5.4. This demand was found after aerating the GW samples overnight for removal of H2S,
presented in Figure 5.3. The chlorine demand changes after dosing with ClO2 and after dosing with
UV irradiation, presented in later sections.

Figure 5.3 - Aerating MHWTF and UCF WTP samples overnight for
removal of hydrogen sulfide.
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Table 5.4 - Chlorine demand of each water source obtained from several dosing experiments.
Lake Claire
Maui
MHWTF
UCF WTP

Chlorine Demand (mg/L)
26
32
8.0
11
Phase I

Phase I of experiments included analyzing the effect of two different ClO2 doses, in addition to a
dose of 660 mJ/cm2 of UV irradiation, on the FP of TTHMs and HAA5.

Lake Claire Results
Effect on Water Quality
Pretreatment using both UV irradiation and ClO2 resulted in a 7 percent and 12 percent reduction
in the SUVA value for the lower and higher ClO2 dose, respectively. This reduction in SUVA is
expected to correspond to a reduction in the TTHM FP. The water quality data for the four preoxidation experiments are presented in Table 5.5. Note that these values are prior to chlorine
dosing activities.
Table 5.5 - Water quality results after pre-oxidation experiments on Lake Claire water.
UV Dose
(mJ/cm2)
None

660

ClO2 Dose
(mg/L)

pH

Temperature
(°C)

Turbidity
(NTU)

UV254
(cm-1)

NPDOC
(mg/L)

SUVA
(L/mg-m)

1.40
6.75
1.40
6.75

7.47
6.99
6.76
7.53
7.28
6.82

23.0
23.0
23.3
23.1
23.6
23.5

1.02
0.710
0.550
0.880
0.820
0.790

0.428
0.406
0.359
0.377
0.358
0.315

12.1
12.0
11.2
11.1
11.0
10.2

3.52
3.39
3.20
3.41
3.27
3.09
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Chlorine Residuals
Sodium hypochlorite doses were kept consistent throughout the experiments based on the chlorine
demand of the raw water. Lake Claire water had a chlorine demand of 26 mg/L as Cl2. Shown in
Figure 5.4, the chlorine demand decreases for each subsequent experiment. The most substantial
decrease was in the last experiment, 660 mJ/cm2 of UV irradiation followed by 6.5 mg/L of ClO2,
with an 11 percent reduction compared to the baseline, after seven days.

Free Chlorine Residual, mg/L
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660 mJ/cm², 1.4 mg/L ClO₂

660 mJ/cm², 6.5 mg/L ClO₂

120

140

160

6.5 mg/L ClO₂

Figure 5.4 - Chlorine decay curves for Experiments 1 through 5 for Lake Claire water.
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Disinfection Byproduct Formation
Both ClO2 and UV pretreatment influenced the TTHM FP of the Lake Claire water. A 2 percent
reduction in the TTHM FP was observed with 1.4 mg/L of ClO2, which increased to 7 percent
when 660 mJ/cm2 of UV irradiation was included prior to ClO2. There was a 16 percent reduction
in TTHM FP when the water was dosed with 6.5 mg/L of ClO2, which increased to 27 percent
when the same UV dose was applied. The formation curves for these results are presented in Figure
5.5.
The speciation of the 7-day TTHM FP is presented in Figure 5.6, which illustrates the distribution
of the four trihalomethanes (THMs), regulated as TTHM, during each of the five experiments.
Chloroform reduction ranges between 0 and 31 percent after each sequential experiment. In
comparison, bromodichloromethane concentrations initially increased by 7 percent with a 1.4
mg/L ClO2 dose followed by 26 mg/L of Cl2 before reducing by 1 to 13 percent in the following
experiments. Dibromochloromethane and bromoform concentrations remain unchanged
throughout the experiments. These findings are contrary to work performed by Ben, Sun & Huang
(2016) that showed increases in chloroform with the use of UV irradiation (Ben, Sun, & Huang,
2016).
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Figure 5.5 - TTHM FP of the Lake Claire water with and without treatment with UV irradiation
for the two chlorine dioxide concentrations.
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Figure 5.6 - TTHM speciation of each dose at the 168-hour timestamp for the Lake Claire water.
The HAA5 7-day concentrations for these experiments also decreased sequentially with increasing
ClO2 dose and the use of UV irradiation. The experiment that revealed the largest HAA5 formation
potential reduction was Experiment 3 with a UV dose of 660 mJ/cm2, followed by 1.4 mg/L of
ClO2 and 26 mg/L of Cl2. This dosing sequence caused a 17 percent reduction in the HAA5
concentration as compared to the baseline. ClO2 alone at 1.4 mg/L and 6.5 mg/L resulted in a
reduction of 3 and 10 percent, respectively. When the higher dose of ClO2 was dosed in
conjunction with UV irradiation, there was a reduction of 14 percent. Bromoacetic and
dibromoacetic acid formation was reduced only at that time when UV was included in the
treatment sequence, by 50 percent. Otherwise, their concentrations stayed the same. Figure 5.7
presents the speciation concentrations for the experiments.
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Figure 5.7 - Lake Claire, 7-day HAA5 speciation of experiments 1 through 5.
ClO2- and ClO3- concentrations for each experiment that included ClO2, i.e., the experiments
excluding the baseline run, are presented in Table 5.6. ClO2- concentrations fell below the
maximum contaminant level (MCL) of 1.0 mg/L at a 1.4 mg/L ClO2 dose; however, at the higher
dose, concentrations were above the MCL. UV irradiation had a minimal effect on these
concentrations except at a higher ClO2 dose where ClO3- concentrations increased by 4 percent.
At the same time, ClO2- decreased by 10 percent.
Table 5.6 - Summary of the formation of ClO2- and ClO3- after oxidation
experiments for Lake Claire.

1.4 mg/L ClO2, 26 mg/L Cl2
6.5 mg/L ClO2, 26 mg/L Cl2

UV 660 mJ/cm2

ClO2- (mg/L)

ClO3- (mg/L)


✓

✓

0.71
0.71
1.60
1.44

2.91
2.92
7.61
7.91
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Maui
Effect on Water Quality
Pretreatment using both UV irradiation and ClO2 resulted in a 15 percent and 21 percent reduction
in the SUVA value for the lower and higher ClO2 dose, respectively. This reduction in SUVA
values is expected to correspond to a reduction in the TTHM FP. The water quality data for the
four pre-oxidation experiments are presented in Table 5.7. Again, these values are before dosing
with sodium hypochlorite.
Table 5.7 - Water quality results after pre-oxidation experiments on Maui water.
UV Dose
(mJ/cm2)

ClO2 Dose
(mg/L)

pH

Temperature
(°C)

Turbidity
(NTU)

UV254
(cm-1)

NPDOC
(mg/L)

SUVA
(L/mg-m)

1.40
8.00
1.40
8.00

5.11
4.47
3.83
4.80
4.34
3.81

24.4
22.9
22.9
23.2
23.2
23.3

1.09
0.900
0.780
0.760
0.820
0.920

0.451
0.398
0.357
0.391
0.346
0.308

10.2
10.2
9.73
9.33
9.22
8.82

4.43
3.89
3.67
4.19
3.75
3.49

None

660
Chlorine Residuals

The Maui water had a chlorine demand of 32 mg/L as Cl2. As shown in Figure 5.8, the chlorine
demand decreases for the experiments dosed with 1.4 mg/L ClO2. However, doses of 8.0 mg/L
ClO2 increased chlorine demand, attributed to the reaction between ClO2- and chlorine to form
ClO3-. For example, the chlorine residual was zero after just 96 hours for the 8.0 mg/L ClO2 dose
without UV. With UV irradiation, the chlorine residual reached zero after approximately 167
hours.
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Figure 5.8 - Chlorine decay curves for Experiments 1 through 5 on Maui water.
Disinfection Byproduct Formation
The TTHM FP of the Maui water for the five experiments conducted are presented in Figure 5.9.
There was no significant reduction in the 168-hour TTHM formation with a ClO2 dose of 1.4 mg/L,
as was expected given the demand of 8.0 mg/L. At the demand dose of ClO2, there was a 31 percent
reduction in the 168-hour TTHM FP. When UV irradiation was implemented along with a ClO2
dose of 1.4 mg/L and 8.0 mg/L, there was a 10 and 34 percent reduction, respectively. Figure 5.10
illustrates the change in TTHM speciation at the 168-hour timestamp for each dose. The majority
of the TTHMs formed from the Maui water is associated with chloroform. Chloroform makes up
to 98.5 percent of the TTHMs formed. Chloroform is significantly lowered by the addition of ClO2
when dosed at the demand level exerted. UV irradiation only accounts for about a 10 percent
TTHM formation reduction, based on the data for the lower ClO2 dose.
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Figure 5.9 - TTHM formation potential of the Maui water with and without treatment with UV
irradiation for the two chlorine dioxide doses.
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Figure 5.10 - TTHM speciation of each dose at the 168-hour timestamp for the Maui water.
As with TTHMs, the Maui source tends to form a majority of just one or two of the HAA5 species,
in this case, dichloroacetic and trichloroacetic acids. In general, these compounds were reduced
with increasing ClO2 dose and the use of UV irradiation at 660 mJ/cm2, as is illustrated in Figure
5.11. There was a 23 percent and 37 percent reduction when a ClO2 dose of 1.4 mg/L and 8.0
mg/L were dosed, respectively. When these same doses were applied post-660 mJ/cm2 of UV
irradiation, the reduction changed to 33 and 36 percent. Similar to the TTHM FP, the HAA5 FP
decreased by 10 percent when the Phase I UV dose was applied in conjunction with the 1.4 mg/L
ClO2 dose, compared to only ClO2.
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Figure 5.11 - HAA5 speciation of each dose at the 168-hour timestamp for the Maui Water.
The formation of ClO2- and ClO3- is summarized in Table 5.8. ClO2- values for a 1.4 mg/L ClO2
dose ranged between 0.63 mg/L with 660 mJ/cm2 of UV irradiation and 0.93 mg/L without. Note,
when sodium hypochlorite was added, the equilibrium shifts towards ClO3- formation. Chlorate
ranged between 0.58 and 0.63 mg/L before sodium hypochlorite addition and reached 28 mg/L
afterward. There was no significant change in the final chlorate concentration, less than 1 percent
reduction when UV oxidation was applied.
Regarding the higher ClO2 dose of 8.0 mg/L, ClO2- formation was between 1.42 and 1.64 mg/L,
well above the MCL whether 660 mJ/cm2 of UV irradiation was implemented or not. Similar to
the lower ClO2 dose, there was a decrease in ClO2- formation when UV irradiation was
administered; however, it was not enough to fall below the MCL. Final ClO3- formation was 34.2
and 34.5 mg/L with and without UV irradiation, respectively.
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Table 5.8 - Summary of the formation of ClO2- and ClO3- after oxidation experiments.
UV 660 mJ/cm2

ClO2- (mg/L)

ClO3- (mg/L)


✓

✓

0.930
0.700
1.64
1.42

28.2
28.0
34.2
34.5

1.4 mg/L ClO2, 32 mg/L Cl2
8.0 mg/L ClO2, 32 mg/L Cl2

Mitchell Hammock WTF
Water from the MHWTF, for Phase I of experiments, was water collected from a sampling port
just after forced draft aeration. This water was pH-adjusted with carbon dioxide (CO2), to a pH
between 5 and 6, before aeration to increase the efficiency of H2S removal, which can reach up to
98 percent removal at a pH of 5.0 (Foxworthy & Gray, 1958). The addition of CO2 forms carbonic
acid, lowering the pH, and shifting the equilibrium of the carbonate system. The CO2 is stripped
along with the hydrogen sulfide through forced draft aeration, which will decrease the alkalinity
of the water.

Effect on Water Quality
Pretreatment using both UV irradiation and ClO2 resulted in a 7 percent and 12 percent reduction
in the SUVA value for the lower and higher ClO2 dose, respectively. Unexpectedly high values
for the organic content of the water following pretreatment involving solely ClO2 caused a
considerable reduction in these SUVA values. The water quality data for the four pretreatment
experiments are presented in Table 5.9.
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Table 5.9 – Water quality results after pre-oxidation experiments on water from the MHWTF.
UV Dose
(mJ/cm2)

ClO2 Dose
(mg/L)

pH

Temperature
(°C)

Turbidity
(NTU)

UV254
(cm-1)

NPDOC
(mg/L)

7.92
23.0
0.53
0.051
1.33
None
1.4
8.06
21.1
0.46
0.048
1.70
2.0
8.22
21.4
0.54
0.048
2.10*
8.07
21.4
0.42
0.047
1.34
660
1.4
8.03
21.7
0.38
0.045
1.28
2.0
7.68
23.0
0.40
0.044
1.19
*NPDOC value most likely affected by spike carryover from the previous sample.

SUVA
(L/mg-m)
3.85
2.83
2.29
3.51
3.52
3.70

Chlorine Residuals
Water from the MHWTF had a chlorine demand of 8.0 mg/L as Cl2. As shown in Figure 5.12, the
chlorine demand decreases approximately the same amount for each experiment, between 20 to 21
percent less than the baseline after seven days.
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Figure 5.12 – Chlorine decay curves for Experiments 1 through 5 on
pretreated water from the MHWTF.
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180.00

Disinfection Byproduct Formation
The results of TTHM analysis on the pretreated MHWTF water showed a 12 to 17 percent
reduction in TTHM FP with a ClO2 dose of 1.4 and 2.0 mg/L, respectively. Further reduction in
formation potentials was achieved when implementing UV irradiation; percent reduction was 28
percent for both ClO2 doses in conjunction with 660 mJ/cm2 of UV irradiation. Figure 5.13
illustrates the seven-day TTHM formation curves of these experiments. It is observed that although
different ClO2 doses were implemented, the UV irradiation treatment had the same effect on the
reduction in TTHM FP without having to increase the ClO2 dose to the demand value.
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Figure 5.13 - TTHM formation potential of the Mitchell Hammock WTF with and without
treatment with UV irradiation for the two chlorine dioxide doses.
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The concentrations of the different THM species are illustrated in Figure 5.14. Chloroform
concentrations are reduced with ClO2 pretreatment by 37 and 44 percent for a dose of 1.4 and 2.75
mg/L ClO2, respectively. When UV irradiation was implemented at the Phase I dose of 660
mJ/cm2, chloroform reduction is slightly less for the lower dose of ClO2, at just over 30 percent
more reduction than the baseline. At the higher ClO2 dose, the same Phase I UV irradiation dose
reduces the FP further to 50 percent of the baseline. The percent reduction of
bromodichloromethane increases with each consecutive experiment, the range being between 13.7
and 23.9 percent. Dibromochloromethane and bromoform both increase with the addition of ClO2
as compared to the baseline. Bromoform increases by 44 and 52 percent with the lower and higher
ClO2 dose, respectively. When the Phase I UV dose is included in the mineralization of NOM,
these values are lowered to 70 and 74 percent that of the baseline concentration.
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Figure 5.14 - TTHM speciation of each dose at the 168-hour timestamp for the MHWTF
pretreated water.
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HAA5 formation for the MHWTF water decreased from pretreatment with ClO2 but increased
when UV irradiation was also applied as a pretreatment technique. With a dose of 1.4 mg/L ClO2,
HAA5 concentrations were reduced by 13 percent compared to the baseline run. When 660 mJ/cm2
of UV irradiation was included before the 1.4 mg/L of ClO2, the percent reduction was lower at
12 percent. This was similar for the 2.0 mg/L dose of ClO2, where there was a 9 and 12 percent
reduction with and without 660 mJ/cm2 of UV, respectively. Figure 5.15 presents the change in
HAA5 formation between experiments and the speciation.
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Figure 5.15 - HAA5 speciation for Experiments 1 through 5 on pretreated water from the
MHWTF.
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The ClO2- and ClO3- formation from the initial dosing during Experiments 2 through 4 is presented
in Table 5.10. The use of UV irradiation shifted the equilibrium slightly from ClO2- formation to
ClO3- formation by about 0.1 mg/L. For these experiments, the ClO2- concentrations fell below the
MCL of 1.0 mg/L.
Table 5.10 - Summary of the formation of ClO2- and ClO3- after pre-oxidation experiments
performed on water from the MHWTF.

1.4 mg/L ClO2, 8 mg/L Cl2
2.0 mg/L ClO2, 8 mg/L Cl2

UV 660 mJ/cm2

ClO2- (mg/L)

ClO3- (mg/L)


✓

✓

0.72
0.65
0.91
0.82

7.11
7.21
7.45
7.53

UCF WTP
Effect on Water Quality
Pretreatment using both UV irradiation and ClO2 resulted in a 16 percent and 11 percent reduction
in the SUVA value for the 1.4 and 2.75 mg/L ClO2 dose, respectively. This reduction in SUVA
values is expected to correspond to a reduction in the TTHM FP. The water quality data for the
four pretreatment experiments are presented in Table 5.11.
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Table 5.11 - Water quality results after pre-oxidation experiments on water from the UCF WTP.
UV Dose
(mJ/cm2)

ClO2 Dose
(mg/L)

pH

Temperature
(°C)

Turbidity
(NTU)

UV254
(cm-1)

1.4
2.75
1.4
2.75

8.46
8.18
8.00
8.27
8.29
7.79

24.9
24.8
24.7
24.8
24.6
25.0

17.4
2.23
1.48
13.7
10.5
10.6

0.055
0.052
0.051
0.050
0.045
0.046

None

660

NPDOC
SUVA
(mg/L) (L/mg-m)
2.52
2.59
2.49
2.49
2.46
2.38

2.18
2.00
2.05
2.00
1.83
1.93

Chlorine Residuals
Raw water from the UCF WTP had a true chlorine demand of 11 mg/L as Cl2. Shown in Figure
5.16, the chlorine demand decreases for the experiments. The chlorine demands for the
pretreatment experiments were between 12 and 15 percent lower than the baseline demand.

Free Chlorine Residual, mg/L

9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
0.00

20.00

40.00

60.00

80.00
100.00
Time, hours

120.00

140.00

160.00

1.4 mg/L ClO₂
660 mJ/cm², 1.4 mg/L ClO₂

Baseline
2.75 mg/L ClO₂
660 mJ/cm², 2.75 mg/L ClO₂

Figure 5.16 - Chlorine decay curves for experiments 1 through 5 on
raw water from the UCF WTP.
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180.00

Disinfection Byproduct Formation
The TTHM FP for the water from the UCF WTP was little affected by UV. For a ClO2 dose of 1.4
mg/L, dosed during experiments 2 and 4, the TTHM FP reduction was 11 percent without UV and
8 percent with 660 mJ/cm2 UV. For the 2.75 mg/L ClO2 dose, experiments 3 and 5, the percent
reduction was similar with and without the Phase I UV dose, at 34 and 35 percent, respectively.
Figure 5.17 presents the 7-day TTHM FP curves for the UCF WTP for the five experiments
conducted in Phase I. Regarding the speciation of the TTHMs formed, chloroform tended to
decrease with chlorine dioxide addition but then increase with the application of 660 mJ/cm2 UV.
Another point of significance is the increase in dibromochloromethane formation with increasing
ClO2 dose. The speciation changes with each experiment, as presented in Figure 5.18.
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Figure 5.17 - TTHM formation potential of the UCF WTP with and without treatment with UV
irradiation for the two chlorine dioxide doses.
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THM Concentration, µg/L

120
100
80
60
40
20

0
Baseline
Chloroform

1.4 mg/L ClO₂

660 mJ/cm², 1.4
mg/L ClO₂

Bromodichloromethane

2.75 mg/L ClO₂

Dibromochloromethane

660 mJ/cm², 2.75
mg/L ClO₂

Bromoform

Figure 5.18 - TTHM speciation of each dose at the 168-hour timestamp for the UCF WTP raw
water.
The changes in the HAA5 formation potential vary with each experiment, as presented in Figure
5.19. The addition of ClO2 increases the formation of chloro-, dichloro-, and trichloroacetic acids.
The latter of which decreases with increasing ClO2 dose. A UV irradiation dose of 660 mJ/cm2
increases the total formation of HAA5 but specifically, the formation of dichloro- and
trichloroacetic acid. The percent increase in HAA5 formation is 27 percent for both ClO2 doses,
alone. HAA5 concentrations increase 40 percent and 49 percent with the addition of the Phase I
UV dose for 1.4 and 2.75 mg/L of ClO2, respectively.
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20
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5

0
Baseline
Bromoacetic Acid

1.4 mg/L ClO₂
Chloroacetic Acid

660 mJ/cm², 1.4
mg/L ClO₂

Dibromoacetic Acid

2.75 mg/L ClO₂

Dichloroacetic Acid

660 mJ/cm², 2.75
mg/L ClO₂
Trichloroacetic Acid

Figure 5.19 - TTHM formation potential of the UCF WTP with and without treatment with UV
irradiation for the two chlorine dioxide doses.
The ClO2- and ClO3- values for these experiments are presented in Table 5.12. There was no
significant change in the formation of both compounds when 660 mJ/cm2 of UV light was applied.
Understandably, the higher dose of 2.75 mg/L of ClO2 caused an increase in the formation of both
ClO2- and ClO3- as compared to the lower dose, notably, ClO2- formation exceeded the MCL set
by the USEPA. Table 5.13 provides a comparison of the UV-ClO2 AOP effects on each of the
waters tested during Phase I of experiments.
Table 5.12 - Formation of ClO2- and ClO3- after UCF WTP oxidation experiments.

1.4 mg/L ClO2, 11 mg/L Cl2
2.75 mg/L ClO2, 11 mg/L Cl2

UV 660 mJ/cm2

ClO2- (mg/L)

ClO3- (mg/L)


✓

✓

0.53
0.56
1.78
1.78

2.08
2.04
4.63
4.97
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Table 5.13 - Comparison of the UV-ClO2 AOP as a viable pretreatment technique for each water.
Water Quality Parameter

Surface Waters

MHWTF

UCF WTP

Lake Claire

Maui

pH

7.80

8.46

7.47

5.11

Temperature (°C)

23.0

24.9

23.0

24.4

Alkalinity (mg/L as CaCO3)

112

146

37.0

< 5.00

Hardness (mg/L as CaCO3)

124

146

44.1

< 1.00









☺













☺















☺

☺

☺

☺

☺







☺









SUVA
Reduction
TTHM

Compatibility with UV-ClO2 Pretreatment

Groundwaters

1.4 mg/L

Reduction

ClO2

HAA5
Reduction
ClO2- below
MCL
SUVA
Reduction
TTHM

Demand

Reduction

ClO2 Dose

HAA5
Reduction
ClO2- below
MCL

☺ Greater than 20 % reduction
 Between 10 and 20 % reduction
 Less than 10 % reduction or an increase
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Phase II – DBP Formation Potential
The results of the second phase of the UV and ClO2 pretreatment experiments, which consisted of
varying the UV irradiation dose between 600 and 1,000 mJ/cm2 using the MHWTF raw water, is
presented herein. The chlorine demand for this water was 8.0 mg/L. The ClO2 dose for this set of
experiments was set at 1.4 mg/L. The results of UV254, NPDOC, and SUVA are presented in Table
5.14. The change in the makeup of the water is especially clear with the reduction in the SUVA
value with increasing UV irradiation dose.
Table 5.14 - Summary of natural organic content with increasing UV dose.
UV Dose (mJ/cm2)
None
600
800
1,000

1.4 mg/L ClO2


✓

✓

✓

✓

UV254 (cm-1)
0.064
0.050
0.050
0.044
0.050
0.045
0.051
0.045

NPDOC (mg/L) SUVA (L/mg-min)
1.89
3.39
1.85
2.70
1.90
2.63
1.91
2.30
1.88
2.66
1.88
2.39
1.99
2.56
1.89
2.38

When only ClO2 was dosed for pretreatment, the 7-day TTHMFP was reduced by 13 percent when
compared to just chlorine disinfection. The addition of the UV irradiation before ClO2 dosing
resulted in a 10 percent reduction when dosed at 600 and 800 mJ/cm2, which is a lower reduction
than when ClO2 was dosed alone. The percent reduction increased again to 13 percent when the
UV dose was further increased to 1,000 mJ/cm2. These formation potentials are presented in Figure
5.21. With increasing dose of UV, the chlorine demand also increased from 5.56 mg/L to 5.78
mg/L for a UV dose of 600 mJ/cm2 and 1,000 mJ/cm2 ¸ respectively. Current literature observes an
increase in the chlorine demand post-UV irradiation without additional ClO2 oxidation (Ben et al.,
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2016; Venkatesan, 2004). Within this research, the use of the UV-ClO2 AOP resulted in a lower
chlorine demand in most cases. Chlorine decay curves are presented for the Phase II experiments
in Figure 5.20. Although the chlorine demands decreased compared to the baseline, they increased
with increasing UV dose. The chlorine demand reduction varied between 13.1 and 16.4 percent
when different UV doses were applied as compared to the baseline experiment.

Free Chlorine Residual, mg/L
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1.4 mg/L ClO₂

600 mJ/cm², 1.4 mg/L ClO₂

800 mJ/cm², 1.4 mg/L ClO₂

1000 mJ/cm², 1.4 mg/L ClO₂

1000 mJ/cm²

Figure 5.20 - Chlorine decay curves for Phase II experiments.
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Figure 5.21 - TTHM FP curves for varying UV irradiation dose on the MHWTF raw water, and
chemical oxidation doses.
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Unlike the experiments which included dosing with UV-ClO2-Cl2, one set was conducted without
using ClO2, rather with the series of UV-Cl2. The results of this experiment were comparable to
that of other studies conducted with this same dosing sequence. An insignificant increase of 0.40
percent was observed in the TTHM FP with an increase of 1.0 percent in the chlorine demand as
compared to the baseline. However, while the TTHM concentration did not change, the speciation
did shift towards increased chloroform formation by 6.7 percent and decreased brominated THM
species, when the UV-Cl2 process was implemented, compared to the baseline. This shift may be
a result of the mineralization of NOM into smaller, more reactive, compounds that can cause an
increase in the reactivity with chlorine to form increased levels of chloroform (Choi & Choi, 2010;
Li et al., 1996). Further increasing the UV dose to levels that would further mineralize NOM into
less reactive forms may result in lower chloroform concentrations. The shift in THM speciation is
presented in Figure 5.22Figure 5.22.
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Figure 5.22 - TTHM speciation of each dose at the 168-hour timestamp for Phase II experiments.
The HAA5 7-day FP for these doses resulted in a 16 percent decrease when 1.4 mg/L of ClO2 was
dosed without UV irradiation. This same ClO2 dose in conjunction with the UV irradiation doses
of 600, 800, and 1,000 mJ/cm2 resulted in 0, 4.0, and 1.0 percent reduction, respectively, compared
to the baseline. HAA5 concentrations decreased by 13 percent when the only pretreatment
technique used was 1,000 mJ/cm2 before dosing with sodium hypochlorite. The UV-Cl2 technique
was one that reduced chloroacetic acid to the minimum detectible level. The results of the HAA5
analyses are presented in Figure 5.23.
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Figure 5.23 - HAA5 speciation of each dose at the 168-hour timestamp for Phase II experiments.
The formation of ClO2- and ClO3- was not affected by the different doses of UV irradiation. While
the ClO2- concentrations presented in Table 5.15 are similar to those values in Phase I for the
MHWTF, the ClO3- values are much smaller.
Table 5.15 - Formation of ClO2- and ClO3- after Phase II experiments.
Chlorine dioxide dose was 1.4 mg/L for the experiments.
UV Dose (mJ/cm2)

ClO2- (mg/L)

ClO3- (mg/L)

Zero

0.556
0.546
0.518
0.542

1.38
1.36
1.38
1.34

600
800

1,000
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Summary of Results
Chlorine Dioxide and Chlorine
The results of using 1.4 mg/L of ClO2 pretreatment followed by chlorination shows reductions of
24-hour TTHM FP, between 13 to 14 percent and 5 to 8 percent for the GWs and the SWs,
respectively. The TTHM FPs are reduced further with the higher doses of ClO2. Similarly, in
studies by other researchers, it was found that an optimum mass ratio of 1:0.5 ClO2/Cl2 and 1:0.8
ClO2/Cl2 achieved the best reductions in THM concentrations (Gan, Huang, Yang, Peng, & Chen,
2016). Similar results were observed by Yang and colleagues (2013) which showed a change in
the hydrophobicity of NOM post-ClO2 resulting in smaller, more hydrophilic compounds which
reduced THM formations. However, in waters with bromide present, THMs increased, specifically
brominated THMs, with this pre-oxidation technique (Gan et al., 2016; Yang, Guo, & Lee, 2013).
A significant difference between the experiments conducted by Gan et al. and those conducted in
this research is the time between the ClO2 dose and the sodium hypochlorite dose. However, the
amount of bromide in the MHWTF GW source was similar to those levels studied by Gan et al.
(2016). Gan et al. (2016) dosed Cl2 immediately after pretreatment with ClO2, while in this
research, ClO2 reacted with the NOM for ten minutes, with minimal interactions with light, prior
to sodium hypochlorite dosing. This contact-time increases the reactions between ClO2 and NOM,
later increasing the reaction between chlorine and ClO2-, which decreases the chlorine available to
react with the remaining NOM.
Results observed during previous experiments performed on Lake Claire water, after 168 hours,
show reductions in TTHMs formation potential between 8 and 37 percent and an increase in HAA
formation of 7 percent and a decrease of 23 percent for a dose of 0.75 mg/L and 5.0 mg/L of ClO2,
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respectively, followed by disinfection with Cl2 (Rodriguez, 2015). In these studies, Rodriguez
(2015) used the following pretreatment process prior to chlorine disinfection: (a) pre-oxidation
with ClO2, (b) coagulation/flocculation/sedimentation, (c) filtration. In experimental results
presented herein, specifically for the Lake Claire water, the percent reduction in TTHM formation
after 168 hours, was 2 percent at a ClO2 dose of 1.4 mg/L, which increases to 16 percent at a dose
of 6.75 mg/L. The discrepancy between these results and those observed by Rodriguez (2015) may
be associated with the pretreatment techniques conducted. These techniques reduce the NOM
available to interact with chlorine to form DBPs.

Ultraviolet Irradiation and Chlorine
In studies done by Ben and colleagues (2016) the chloroform formation using a combined UV-Cl2
process versus Cl2 solely was compared. The use of the UV-Cl2 process resulted in an increase in
chlorine demand as well as an increase in chloroform formation (Ben et al., 2016). Other
researchers observed similar results on the effect of chlorination on TTHM formation, post-UV
irradiation at doses of 400, and 1500 mJ/cm2 (Venkatesan, 2004). Liu and colleagues (2006),
which dosed UV within the typical range for disinfection (60 mJ/cm2) also observed increased
chloroform formations. At this dose, there was an increase of 112 percent in the chloroform
formation (Liu, Cheung, Yang, & Shang, 2006). For the set of experiments conducted in this
research using the UV-Cl2 process with a dose of 1,000 mJ/cm2 on the MHWTF raw GW, there
was little to no change in the TTHM FP and a decrease of 13 percent in the HAA5 FP. The TTHM
concentration did not change significantly, but the formation of chloroform increased by just under
7 percent, while the brominated THMs were reduced. These experiments, similar to other
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researchers, resulted in a slight increase of chlorine demand at about 4 percent more than with the
baseline (Ben et al., 2016; Venkatesan, 2004).

Ultraviolet Irradiation, Chlorine Dioxide, and Chlorine
Few studies have been conducted on the effect of pretreatment with UV irradiation and ClO2,
before chlorination, in reducing DBP FP. Theoretically, it is expected that a decrease in chlorine
demand and DBP FP would occur after dosing water in such a sequence due to the mineralization
of NOM, changing the reactions with Cl2. The only time in which the chlorine demand increased
in experiments that included this AOP compared to the baseline demand was when the Maui water
was dosed with 8 mg/L of ClO2. As noted by Gates and colleagues (2009), excess Cl2 can readily
react with ClO2- in solution to form ClO3- which may explain the increased reduction in Cl2 residual
at this higher ClO2 dose in this research. Notably, the chlorine demand of this dosing concentration
remains lower with than without the addition of UV irradiation.
In Phase II of experiments, chlorine demand decreases 3.4 and 1.0 percent with the addition of 600
and 800 mJ/cm2 of UV irradiation prior to ClO2, respectively, compared to pretreatment with only
ClO2. As the UV dose increases to 1,000 mJ/cm2, this demand also increases and is higher than
when ClO2 was used as the only pretreatment. Note that those doses that include pretreatment with
ClO2 in the second phase of experiments had a decreased demand by over 64 percent that of the
baseline run.
For both GWs and SWs, the addition of UV irradiation and ClO2 as pretreatment prior to
chlorination resulted in TTHM reductions that were equal to or greater than the results observed
with ClO2 pretreatment alone, except for the UCF WTP lower ClO2 dose experiment. The HAA5
68

concentrations increased when the GWs were treated with the UV-ClO2 pretreatment technique.
SWs dosed using the UV-ClO2 sequence resulted in decreased HAA5 concentrations.
Regarding the formation of ClO2-, throughout the experiments, both for Phase I and II, the
formation was between 20 and 60 percent that of the dosed ClO2 concentration, after chlorination.
These results are supported by the observations of Gates et. al. (2009) which found the
concentration of ClO2- to be between 30 and 70 percent that of the ClO2 concentration dosed.
Notably, when the elevated ClO2 concentrations were dosed, the formation of ClO2- was lower
than the expected 70 percent of ClO2 dosed. For example, when the Maui water was dosed with
8.0 mg/L ClO2 it resulted in a ClO2- formation of 1.42 mg/L with UV and 1.64 mg/L without UV.
When this same water was dosed with 1.4 mg/L ClO2, it resulted in 0.700 and 0.930 mg/L ClO2with and without 660 mJ/cm2 of UV irradiation, respectively. Prior to chlorination these values are
higher; the addition of sodium hypochlorite causes the chemistry to shift to the formation of ClO3. The chemical reaction between ClO2- and hypochlorite, which can also have ClO3- impurities in
the dosing solution, exacerbates the further formation of ClO3- (WHO, 2016).
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Quality Assurance and Control
Precision control charts are presented in Figure 5.24 and Figure 5.25 for chlorine residuals and
TTHMs, respectively. Precision control charts for ClO2, UV254, turbidity, HAA5, and IC samples
are not available due to insufficient data. However, duplicate results for these parameters have
been deemed acceptable, below 10 percent, relative percent difference (RPD). Accuracy control
charts have not been made due to insufficient data for the applicable analyses. Percent recovery
for sample spikes were calculated and met the standard, between 80 and 120 percent.
The precision control chart for Cl2 residual, presented in Figure 5.24, identifies duplicates below
the control level (CL), with one above the warning level (WL). One of the duplicates in the TTHM
precision control chart, Figure 5.25, were above the WL. The only duplicate above the CL was
due to sample loss during the liquid extraction method.

RPD (%)

10%
9%
8%
7%
6%
5%
4%
3%
2%
1%
0%
Free Chlorine Duplicate

WL

CL

Figure 5.24 - Precision control chart for free chlorine residual analysis
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Figure 5.25 - Precision control chart for TTHM analysis
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CHAPTER 6: CONCLUSIONS AND SUMMARY
This research focused on evaluating the effectiveness of an AOP involving UV irradiation and
ClO2 for the mineralization of NOM prior to disinfection with sodium hypochlorite. An analysis
of the reduction of DBPs in finished drinking water from water sources of varying characteristics,
with different techniques was evaluated. Several bench-scale experiments were performed together
with varying doses of ClO2, some of which corresponded to the chlorine demand of each source
water, a factor of 1 mg/L ClO2 for every 4 mg/L Cl2. This AOP was compared to a baseline
evaluation of solely Cl2 disinfection, as well as a ClO2-Cl2 chemical dosing sequence. For the raw
water from the MHWTF, an additional experiment was conducted using the UV-Cl2 AOP
sequence to compare the results to existing literature. The following conclusions were obtained
from the observed results of the research conducted:
•

The efficiency of the UV-ClO2-Cl2 AOP is highly dependent on the source water
characteristics. In general, raw Floridan GWs were not affected by the use of UV
irradiation for pretreatment. The UCF WTP raw GW revealed an 8 to 10 percent TTHM
reduction with a UV dose of 660 mJ/cm2 combined with 1.4 mg/L of ClO2 compared to
11 and 13 percent when pretreated with only ClO2. Alkalinity can serve as a scavenger
compound that can reduce the hydroxyl radicals available for the reduction of NOM from
UV treatment, which may account for the lack of efficient UV treatment since these
waters contain over 100 mg/L as CaCO3 of alkalinity. The GWs tested are also high in
turbidity (4.1 to 17.9 NTU) from elemental sulfur present after aeration, which can
interfere with the efficiency of the UV light penetration.
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•

SWs obtained a greater reduction in 7-day TTHM formation potentials (FP) than GWs
using the same UV dose of 660 mJ/cm2 in addition to ClO2. Reductions ranged between
7 percent and 10 percent with a 1.4 mg/L dose of ClO2, but when dosed at their
corresponding demand, 6.5 mg/L and 8.0 mg/L, reductions increased to 27 and 34
percent. Due to the elevated organic content (between 10 and 12 mg/L NPDOC) of these
waters, and therefore their elevated demand for chlorine, the UV-ClO2 pretreatment
technique is insufficient in getting TTHM and HAA5 levels below the MCLs. The
addition of other pretreatment techniques, such as, coagulation, flocculation and
sedimentation, would be necessary to further reduce DBP precursor concentrations.

•

The Maui SW experienced a reduction in HAA5 7-day FP for doses in Phase I, with an
increase in reduction as ClO2 dose was increased to 8.0 mg/L as well as with the addition
of 660 mJ/cm2 UV pretreatment. The Lake Claire SW resulted in decreased HAA5
formation with increasing ClO2 dose as well, but this decrease was less when 660 mJ/cm2
of UV irradiation was implemented. Similar to Lake Claire, the MHWTF GW, with
bromide present, resulted in reductions in the HAA5 FP, the percent reduction was lower
when UV irradiation at a dose of 660 mJ/cm2 was applied. The UCF WTP GW resulted
in increased FP of HAA5 with increasing ClO2 dose and the implementation of UV
irradiation at 660 mJ/cm2.

•

When the pH was adjusted (from 7.8 to between 5 and 6) with carbon dioxide (CO2),
followed by aeration, the AOP resulted in a 28 percent reduction compared to the baseline
for the MHWTF GW. Pretreatment solely with ClO2 prior to sodium hypochlorite
addition resulted in a reduction of 12 and 17 percent for a ClO2 dose of 1.4 and 2.0 mg/L,
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respectively. This reduction is a significantly better result than the raw GW from this site,
analyzed in Phase II. By pH adjusting and aerating, the removal of alkalinity could be a
contributing factor to the difference in DBP formation compared to the raw water
formations.
•

Varying the dose of UV irradiation had an effect at the 1,000 mJ/cm2 dose when in
conjunction with 1.4 mg/L of ClO2. At a dose of 600 and 800 mJ/cm2 in addition to 1.4
mg/L ClO2, the percent reduction in TTHM FP was lower than pretreatment with only
ClO2. A dose of 1,000 mJ/cm2 with 1.4 mg/L ClO2 achieved the same reduction in TTHM
FP (13 percent) than when pretreatment with only ClO2 at the same concentration was
implemented.

•

Increased UV irradiation dosage, from 600 to 1,000 mJ/cm2, decreases the SUVA value
by 22.4 percent to 25.1 percent, respectively, compared to the raw value. The DBP FP of
the water is reduced by 10 and 13 percent for 600 and 1,000 mJ/cm2 of UV irradiation,
respectively.

•

The decision to use ClO2 as pretreatment should first consider the constituents of the raw
water, such as the presence of bromide, as the use of ClO2 can increase the formation of
brominated DBPs.

This study indicated that the UV-ClO2-Cl2 AOP can be used as a technique to reduce the DBP
formation potential of a water supply. It has also shown that other pretreatment techniques, such
as pH adjustment in addition to aeration, would be beneficial prior to the AOP for high alkalinity
GWs.
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CHAPTER 7: RECOMMENDATIONS
It is recommended that further studies be conducted on the effectiveness of different pretreatment
techniques proceeding the UV-ClO2 -Cl2 AOP. These techniques may include coagulation,
flocculation, and sedimentation for the SW sources. Other pretreatment processes to further
investigate would include the use of pH adjustment for controlling scale deposition, specifically
for hard water sources, and include consideration for the removal of alkalinity prior to UV
treatment. Preliminary data from the research presented in this report suggests that pretreatment
measures may enhance the effectiveness of the studied AOP. Enhancements would be needed for
the use of an UV-ClO2-Cl2 AOP as a viable economical alternative for use in meeting DBP levels
below the USEPA MCLs.
It is also recommended to study the effect of solely employing the UV-ClO2 process on DBP FP,
using ClO2 as the primary and secondary disinfectant. While ClO2 does not form the same amount
of total trihalomethanes and haloacetic acids as chlorination, the drawback concern would be the
formation of ClO2-, ClO3-, and hypobromous acid. Without post-ClO2 chlorination, ClO2- formed
will not continue to transition to ClO3- at the same rate observed in this research. It can, therefore,
be of concern in meeting the USEPA maximum contaminant level (MCL) for ClO2-.
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APPENDIX A - EXPERIMENTAL DATA SHEET EXAMPLE
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Date:

Water Source:
Analysis

Time (of Cl 2
dose)

pH

Temperature (°C)

UV-254 (cm-1)

Turbidity (NTU)

Post ClO2 Post Cl2 Post ClO2 Post Cl2 Post ClO2 Post Cl2 Post ClO2 Post Cl2
No Dose

-

0

Dose A

-

0

Dose B

-

0

-

1 minute

-

-

3 minutes

6 minutes

Before UV

After UV

# of passes

ClO2 (mg/L) Cl2 (mg/L)
-

-

1

-

-

-

3

-

-

No Dose

6

-

-

Dose A

6

Dose B

6

Figure E.1 - Example of data sheet used during experiments.

77

REFERENCES
AWWA, & Edzwald, J. K. (2010). Water Quality & Treatment: A Handbook on Drinking Water.
New York (NY): McGraw-Hill Professional.
Baird, R. B., Eaton, A. D., & Rice, E. W. (2017). Standard Methods for the Examination of Water
and Wastewater (23rd ed.). Washington: American Public Health Association, American
Water Works Association, Water Environment Federation.
Baribeau, H., Boulos, L., Haileselassie, H., Crozes, G., Singer, P. C., Nichols, C., . . . Moffat, E.
(2006). Formation and Decay of Disinfection Byproducts: AWWA Research Foundation,
Project 2770.
Ben, W. W., Sun, P. Z., & Huang, C. H. (2016). Effects of combined UV and chlorine treatment
on

chloroform

formation

from

triclosan.

Chemosphere,

150,

715-722.

doi:10.1016/j.chemosphere.2015.12.071
Benitez, F. J., Beltran-Heredia, J., Acero, J. L., & Rubio, F. J. (1999). Chemical decomposition of
2,4,6-trichlorophenol by ozone, Fenton's reagent, and UV radiation. Industrial &
Engineering Chemistry Research, 38(4), 1341-1349. doi:10.1021/ie980441f
Boorman, G. A., Dellarco, V., Dunnick, J. K., Chapin, R. E., Hunter, S., Hauchman, F., . . . Sills,
R. C. (1999). Drinking water disinfection byproducts: Review and approach to toxicity
evaluation. Environmental Health Perspectives, 107, 207-217. doi:10.2307/3434484
Choi, Y., & Choi, Y.-j. (2010). The effects of UV disinfection on drinking water quality in
distribution

systems.

Water

doi:https://doi.org/10.1016/j.watres.2009.09.011

78

Research,

44(1),

115-122.

Collins, J., & Bolton, J. R. (2016). Advanced Oxidation Handbook (1st ed.). Denver (CO):
AWWA.
Duranceau, S. J., Trupiano, V. M., Lowenstine, M., Whidden, S., & Hopp, J. (2010). Innovative
hydrogen sulfide treatment methods: moving beyond packed tower aeration. Florida Water
Resources Journal.
EPA. (2011). Water Treatment Manual: Disinfection. Wexford, Ireland: Environmental Protection
Agency (Ireland)
EPA. (2012). EPA Drinking Water Guidance on Disinfection By-Products Advice Note No. 4.
Version 2. Disinfection By-Products in Drinking Water. Wexford, Ireland: Environmental
Protection Agency (Ireland)
Foxworthy, J. E., & Gray, H. K. (1958). Removal of Hydrogen Sulfide in High Concentrations
From Water. Journal (American Water Works Association), 50(7), 872-878. Retrieved
from www.jstor.org/stable/41255854
Gan, W., Huang, H., Yang, X., Peng, Z., & Chen, G. (2016). Emerging investigators series:
disinfection by-products in mixed chlorine dioxide and chlorine water treatment.
Environmental

Science:

Water

Research

&

Technology,

2(5),

838-847.

doi:10.1039/C6EW00061D
Gates, D. (1998). The Chlorine Dioxide Handbook. Denver (CO): American Water Works
Association.
Gates, D., Krasner, S., Rice, R., LeChavallier, M., DeMarco, J., Atkins, B., . . . Schock, M. (1999).
Alternative disinfectants and oxidants guidance manual. (EPA/815-R-99-014). NEPIS:

79

U.S.

Environmental

Protection

Agency,

Office

of

Water

Retrieved

from

https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=2000229L.txt
Gates, D., Ziglio, G., & Ozekin, K. (2009). State of the Science of Chlorine Dioxide in Drinking
Water. Denver, CO: Water Research Foundation and Fondazione AMGA.
Gordon, G., Emmert, G. L., & Bubnis, B. (1995). Bromate ion formation in water when chlorine
dioxide is photolyzed in the presence of bromide ion. Paper presented at the AWWA Water
Quality Technology Conference, Part 2, Denver, Colorado.
Guidance for Determining Free Chlorine Contact Time to Establish 4-Log Inactivation of Viruses.
(2009). Albuquerque, New Mexico: State of New Mexico
Howe, K. J., Hand, D. W., Crittenden, H. C., Trussell, R. R., & Tchobanoglous, G. (2012).
Principles of Water Treatment. United States of America: John Wiley & Sons, Inc.
Jagger, J. (1967). Introduction to Research in Ultraviolet Photobiology. Englewood Cliffs, N.J.:
Prentice-Hall, Inc.
Li, J. W., Yu, Z., Gao, M., Zhang, L., Cai, X., & Chao, F. (1996). Effect of ultraviolet irradiation
on the characteristics and trihalomethanes formation potential of humic acid. Water
Research, 30(2), 347-350. doi:https://doi.org/10.1016/0043-1354(95)00163-8
Liu, W., Cheung, L.-M., Yang, X., & Shang, C. (2006). THM, HAA and CNCl formation from
UV irradiation and chlor(am)ination of selected organic waters. Water Research, 40(10),
2033-2043. doi:https://doi.org/10.1016/j.watres.2006.03.019
Malcolm Pirnie, I., Carollo Engineers, P. C., The Cadmus Group, I., Linden, K. G., & James P.
Malley, J. (2006). Ultraviolet Disinfection Guidance Manual for the Final Long Term 2

80

Enhanced Surface Water Treatment Rule. (EPA 815-R-06-007). Washington, D.C.: U.S.
Environmental Protection Agency, Office of Water
Malcom Pirnie, I., Carollo Engineers, P. C., The Cadmus Group, I., Linden, K. G., & James P.
Malley, J. (2003). Ultraviolet Disinfection Guidance Manual. (EPA 815-D-03-007).
Washington, D.C.: U.S. Environmental Protection Agency, Office of Water
McLellan, N., Bell, K., & Holmer, M. (2018). UV-AOP 101 for Potable Reuse: Design
Considerations and Practical Applications. Paper presented at the IUVA Americas
Conference, Redondo Beach, CA.
Nicoson, J. S., & Margerum, D. W. (2002). Kinetics and Mechanisms of Aqueous Chlorine
Reactions with Chlorite Ion in the Presence of Chloride Ion and Acetic Acid/Acetate
Buffer. Inorganic Chemistry, 41(2), 342-347. doi:10.1021/ic010762a
Padhi, R. K., Subramanian, S., & Satpathy, K. K. (2019). Formation, distribution, and speciation
of DBPs (THMs, HAAs, ClO2-, and ClO3-) during treatment of different source water
with

chlorine

and

chlorine

dioxide.

Chemosphere,

218,

540-550.

doi:10.1016/j.chemosphere.2018.11.100
Ratpukdi, T., Siripattanakul, S., & Khan, E. (2010). Mineralization and biodegradability
enhancement of natural organic matter by ozone–VUV in comparison with ozone, VUV,
ozone–UV, and UV: Effects of pH and ozone dose. Water Research, 44(11), 3531-3543.
doi:https://doi.org/10.1016/j.watres.2010.03.034
Richardson, S. D., Plewa, M. J., Wagner, E. D., Schoeny, R., & DeMarini, D. M. (2007).
Occurrence, genotoxicity, and carcinogenicity of regulated and emerging disinfection byproducts in drinking water: A review and roadmap for research. Mutation

81

Research/Reviews

in

Mutation

Research,

636(1),

178-242.

doi:https://doi.org/10.1016/j.mrrev.2007.09.001
Richardson, S. D., Thruston, A. D., Rav-Acha, C., Groisman, L., Popilevsky, I., Juraev, O., . . .
Wagner, E. D. (2003). Tribromopyrrole, brominated acids, and other disinfection
byproducts produced by disinfection of drinking water rich in bromide. Environmental
Science & Technology, 37(17), 3782-3793. doi:10.1021/es030339w
Rodriguez, A. B. (2015). A laboratory scale assessment of the effect of chlorine dioxide preoxidation on disinfection by-product formation for two surface water supplies. (B.S. HIM).
University of Central Florida, (1739)
Scheible, O. K., & Bassell, C. D. (1981). Ultraviolet Disinfection of a Secondary Wastewater
Treatment Plant Effluent. (EPA-600/S2-81-152).
Sharpless, C. M., & Linden, K. G. (2001). UV Photolysis of Nitrate: Effects of Natural Organic
Matter and Dissolved Inorganic Carbon and Implications for UV Water Disinfection.
Environmental Science & Technology, 35(14), 2949-2955. doi:10.1021/es002043l
Stanford, B. D. (2015). Perchlorate, Bromate, and Chlorate in Hypochlorite Solutions: Guidelines
for Utilities (vol 103, pg 71, 2011). Journal American Water Works Association, 107(1),
95-95. Retrieved from <Go to ISI>://WOS:000347277400020
Taylor, J. B., & Wohlers, D. W. (2004). Toxicological Profile for Chlorine Dioxide and Chlorite.
Atlanta (GA): Agency for Toxic Substances and Disease Registry, USEPA
The Cadmus Group, I., & Carollo Engineers, P. C. (2010). Long Term 2 Enhanced Surface Water
Treatment Rule: Toolbox Guidance Manual. (EPA 815-R-09-016). Washington, D.C.: U.S.
Environmental Protection Agency, Office of Water

82

Venkatesan, N. (2004). Bench scale study of impact of UV, chlorine, and chloramines on DBP
formation in drinking water. (Master Degree). University of Massachusetts, Amherst, MA.
WHO. (2016). Chlorine Dioxide, Chlorite and Chlorate in Drinking-water, Background document
for development of WHO Guidelines for Drinking-water Quality. Retrieved from
Yang, X., Guo, W., & Lee, W. (2013). Formation of disinfection byproducts upon chlorine dioxide
preoxidation followed by chlorination or chloramination of natural organic matter.
Chemosphere, 91(11), 1477-1485. doi:https://doi.org/10.1016/j.chemosphere.2012.12.014

83

